THz imaging in 1-10 THz has been demonstrated using conventional, microbolometer-based imagers optimized for infrared (IR) wavelengths (8-12 μm) coupled with a quantum cascade laser (QCL) as an illumination source [1, 2] . Since the background thermal energy in the THz range is small compared to that of infrared (IR) for passive imaging, THz imaging schemes usually employ a source to illuminate the target. However, microbolometer cameras are not optimized to operate in the THz range due their small pixel size (∼25 μm) relative to THz wavelengths (∼100 μm) and the pixel membrane is not designed for high THz absorption. Similar limitations also apply to micromechanical bimaterial-based IR imaging technology [3, 4] , which is another possible candidate for THz imaging.
Both approaches rely on thermal detection where the absorbed electromagnetic radiation heats the sensing element, changing its resistance in the case of microbolometers, and deforming its structure in the case of bimaterial sensors. Although both approaches share the same detection principle, bimaterial sensors appear to be more attractive as a research platform due to the possibility of utilizing external optical readouts [5, 6] , eliminating the requirement of monolithic integration of readout electronics [7] . To achieve high sensitivity in the THz spectral range, it is necessary to design pixels featuring high THz absorbing materials and to optimize their size for the desired spatial resolution.
One approach to achieve high THz absorption is to employ metamaterial structures, which can be fabricated using standard microfabrication materials. Several groups have reported the analysis and fabrication of metamaterial structures operating in THz spectral band using a variety of configurations, including resonant elements and periodic arrays of metallic squares and rings [8] [9] [10] [11] .
A recent work demonstrated a micromechanical sensor operating in microwave and sub-terahertz frequencies using a single split-ring resonator with simulated absorption of around 40% [12] . In this Letter, we describe fabrication of an uncooled bimaterial THz sensor with integrated metamatrial absorber having nearly 90% absorption at 3.8 THz, the same frequency emitted by the illuminating quantum cascade laser (QCL) source available to us.
The designed detector, shown in Fig. 1 , is comprised of two main regions: (a) a metamaterial terahertz absorber, which is responsible for converting the absorbed THz radiation into heat and also providing good reflection in the visible range for the optical readout; and (b) multifold bimaterial microcantilevers (legs) responsible for deflecting the overall structure due to a temperature increase resulting from the heat generated by THz absorption. The legs are anchored to the substrate, which acts as a heat sink, allowing the sensor to return to its unperturbed position when excitation is terminated. The above requirements, coupled with the need for compatibility with the microelectromechanical systems (MEMS) fabrication process, put additional constraints on the materials used in the fabrication of bimaterial pixels. In our design, we benefitted from the favorable combination of thermal, mechanical, and optical properties of SiO 2 and Al [4] , which make them ideal for building structures with high THz absorption as well as large bimaterial deflection, while remaining MEMS fabrication-friendly.
The metamaterial absorber is designed to have peak absorption at 3.8 THz, which is the lasing frequency of the QCL available to us [13] . The concept was demonstrated for microbolometers in the IR range [14] and our design consists of an array of Al squares (16.5 μm) with periodicity of 20 μm separated from an Al ground plane by a SiO 2 layer. The Al and SiO 2 layers are about 100 nm and 1.2 μm thick, respectively. The absorbing area of the pixel is 88 × 200 μm 2 and contains 40 Al squares to form the metamaterial structure.
The THz detectors were fabricated using standard micromachining technology. First, a 100 nm thick aluminum (Al) film is deposited on a 300 μm thick silicon (Si) substrate. Then, the Al layer is patterned using photolithography and sputter-etched to form the absorber array and the first pair of aluminized legs (closest to the absorber). Next, a 1.2 μm thick silicon dioxide (SiO 2 ) layer is deposited using plasma enhanced chemical vapor deposition (PECVD) at 300°C, followed by another 100 nm thick Al film. The second metal layer is then patterned using photolithography and wet etched to define the absorber ground plane (which also acts as a reflector for the optical readout of deformation due to the heat generated from THz absorption) and the second pair of aluminized legs with Al on the opposite side. The sensor structure is then patterned by reactive ion etching the SiO 2 layer to define the pixel as shown in Fig. 1(a) . The two outer arms of the folded leg on each side attached to the substrate (in green) do not have Al and provide thermal insulation to the pixel. Finally, the structures were released through backside trenching using the Bosch etch process. The profile of a released pixel measured using optical profilometry is shown in Fig. 1(b) , where the deformation of the pixel membrane is due to residual stress after fabrication. Such a deformation does not affect the sensitivity of the sensor and can be minimized by further refining the fabrication process.
The absorption properties of the metamaterial structure were simulated using COMSOL multiphysics software, a three-dimensional finite element modeling program, and are shown by the dashed line in Fig. 2 . The index of refraction of SiO 2 at THz frequencies was taken from [15] as 2.0 0.025i and a conductivity of 1 × 10 7 S∕m was used for Al. The spectral characteristics of the fabricated metamaterial were measured using a Fourier transform infrared spectrometer (FTIR) extended to THz range and appropriate accessories. The measured absorption is shown in Fig. 2 (dotted line) along with the QCL source emission characteristics (solid line). Note that the laser frequency matches well with the maximum absorption of the metamaterial structure. Good agreement between measured and simulated absorption spectra indicates that the finite element modeling approach employed can be used to design metamaterial absorbers with the desired spectral characteristics.
The thermal response of the sensor was obtained by attaching it to a heating element and using a linear photodiode array (linear positioning system) to measure the deflection of a HeNe laser beam reflected by the pixel. Figure 3 shows the measured angular displacement of the pixel membrane as a function of temperature.
The angular displacement is nearly linear with a negligibly small hysteresis. The measured thermal response is comparable to that in [4] for similar structures (without a metamaterial absorber) employed as an infrared sensor. The angular displacement can be further increased by optimizing the aluminum and SiO 2 layers thicknesses on the legs.
An important parameter for imaging applications is the sensor's operation speed. This parameter was measured using the same procedure used in the thermal response, except that the sensor was placed in a vacuum chamber to reduce convection heat loss. The THz beam from the QCL was directed to the detector using a combination of two off-axis parabolic mirrors. The inset in Fig. 4 shows the temporal response of the sensor when the QCL power supply is gated using a square pulse generator operating at 1 Hz. The measurement clearly shows that the absorption of THz from the laser deflects the pixel membrane. The sensor's operation speed was also measured by changing the gating rate of the power supply as shown in Fig. 4 , which indicates that the sensitivity of the pixel diminishes beyond about 100 Hz. The 3 dB cutoff frequency was found to be around 11 Hz, giving a time constant of about 14 ms, which is in the same ballpark as microbolometer infrared detectors [16] .
The speed of the sensor is primarily limited by the thermal time constant (τ), which is given by the ratio between the heat capacitance (C) and the thermal conductance (G) [16] . The thermal capacitance of the sensor was estimated using the dimensions and specific heat capacitance of the materials and found to be about 5.5 × 10 −8 J∕K. The thermal conductance of the sensor consists of heat losses via the legs, radiation and convection. Using the measured thermal time constant and estimated heat capacitance, the thermal conductance of the sensor was estimated to be about 3.9 × 10 −6 W∕K. The responsivity, R, of a bimaterial sensor can be defined as angular deflection per unit incident power (dθ∕dP), which is equal to (η∕G) (dθ∕dT). The fraction of incident power absorbed by the sensor, η, is approximately 0.9 based on the data in Fig. 2 and the slope of angular deflection with temperature (dθ∕dT) can be extracted from Fig 3 . Therefore, the estimated sensor peak responsivity is about 0.1 deg ∕μW, comparable to the responsivity of infrared bimaterial sensors reported in [4] . The intrinsic angular deflection noise of the sensor was estimated using the approach in [4] and found to be about 4 μdeg. However, the measured noise, including that generated by the optical readout system, was found to be about 175 μdeg, confirming that the sensor currently is not the limiting factor. The responsivity of the sensor can be further increased by changing the Al∕SiO 2 thickness ratio to optimize the bimaterial deflection. It is important to note that responsivity and speed of operation are inversely proportional.
Higher deflection implies smaller thermal conductance and, consequently, a larger time constant. The specific application will determine what the optimal balance between these parameters is. Furthermore, modifying the dimensions of the metamaterial unit cells can also modify the absorption spectral characteristics, tuning the peak absorption to the desired frequency [14] . This flexibility in design demonstrates that MEMS bimaterial sensors can be fabricated for imaging at specific THz frequencies tuned to the illuminator.
In summary we have demonstrated a bimaterial MEMS sensor with integrated metamaterial absorbers operating at 3.8 THz. The absorption characteristic of the fabricated metamaterial structure agrees well with that of the simulations and the peak absorption is matched with the emission line of the QCL at 3.8 THz. The speed of operation of the sensor was found to be limited by the thermal time constant. The response of the sensor can be further enhanced by optimizing the pixel structure for fabrication of focal plane arrays to be used in active THz imaging.
